Abstract. The hepatocyte growth factor (HGF)/c-Met signaling pathway results in cancer cell scattering and invasion, and has been reported to participate in several types of cancer, including prostate and colorectal cancer. The downstream phosphorylation cascade of HGF, particularly the mitogen-activated protein kinase and phosphoinositide 3-kinase/AKT signaling pathway, regulates epithelial-mesenchymal transition (EMT). However, the mechanism by which these signaling pathways govern EMT, and whether certain kinases are able to respond to specific EMT effectors, remains to be elucidated. In the present study, an increase in the levels of vimentin, rather than co-regulation of certain EMT marker proteins, was observed in response to HGF-induced EMT in DU145 prostate cancer cells. In addition, it was observed that curcumin abrogated HGF-induced DU145 cell scattering and invasion. Furthermore, curcumin was able to effectively inhibit the HGF-induced increase in the levels of vimentin by downregulating the expression of phosphorylated c-Met, extracellular signal-regulated kinase and Snail. In conclusion, the results of the present study demonstrated that curcumin was able to reverse HGF-induced EMT, possibly by inhibiting c-Met expression in DU145 prostate cancer cells.
Introduction
The morbidity and mortality of prostate cancer is increasing every year, with bone metastasis representing the primary cause of disease-associated mortality in patients with prostate cancer (1) . Epithelial-mesenchymal transition (EMT) is the primary mechanism of prostate cancer metastasis to bone (2) . Therefore, inhibition of this process in prostate cancer cells is an important approach for the suppression of prostate cancer progression.
The occurrence and development of prostate cancer depends on paracrine interactions between matrix and epithelial cells (3) . Hepatocyte growth factor (HGF) is a multifunctional growth factor produced by mesenchymal cells, which promotes the migration and growth of epithelial cells (including cancer cells) via EMT (3, 4) . The levels of c-Met and HGF are significantly correlated, and it has been demonstrated that c-Met expression is a strong prognostic factor for histological tumor grade in patients with prostate cancer (5) . In addition, a number of studies have demonstrated overexpression of c-Met in prostate cancer cell models (6, 7) . Furthermore, inhibition of c-Met expression has been observed to reduce invasion and metastasis in prostate cancer (8) .
Curcumin, a plant polyphenol extracted from the turmeric rhizome, possesses antioxidant, anticoagulant, anti-inflammatory, anti-atherosclerotic, lipid-lowering and anti-aging properties (9, 10) . Previous studies have demonstrated that curcumin is a highly effective anticancer agent (10, 11) . In addition, curcumin has been revealed to inhibit the progression of prostate cancer and bone metastasis (11) . However, the effect of curcumin on EMT in prostate cancer cells remains to be elucidated. In the present study, the effect and mechanism of curcumin on HGF-induced EMT in DU145 prostate cancer cells was investigated, in order to establish a novel approach for the treatment of prostate cancer. Cell culture. The DU145 cell line was obtained from the cell repository of the Chinese Academy of Sciences (Shanghai, China). DU145 cells were cultured in DMEM-high glucose supplemented with 10% FBS, 100 U/ml penicillin (cat no. ST488-1; Beyotime Institute of Biotechnology) and 100 U/ml streptomycin (cat no. ST488-2; Beyotime Institute of Biotechnology), and incubated (cat no. 670190; Greiner Bio-One, Stonehouse, UK) in a humidified atmosphere of 5% CO 2 and 95% air at 37˚C. Cells were cultured without serum for ≥6 h prior to the commencement of the experiments.
Materials and methods

Materials
Cell proliferation assay. DU145 cells (8x10 3 cells/ml) were seeded into 96-well culture plates (cat no. CW0543; Beijing ComWin Biotech Co., Ltd., Beijing, China), and incubated overnight in a humidified atmosphere of 5% CO 2 and 95% air at 37˚C. Following 12 h incubation, the medium was replaced with serum-free DMEM-high glucose, and curcumin was added at various concentrations (0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 µmol/l). Blank (cell-free + medium) and control (cells + medium, without curcumin) groups were additionally evaluated. Following 48 h of incubation, the culture medium was removed, and 5 mg/ml MTT was added to each well. The plates were subsequently incubated for 4 h at 37˚C. The culture medium was replaced with 150 µl DMSO/well, and the absorbance (A) at a wavelength of 490 nm was measured using 2104 A control siRNA specific for the red fluorescent protein, 5'-CCA CTA CCT GAG CAC CCAG-3' , was used as negative control (sc-37007; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). All primers were designed using the National Center for Biotechnology Information Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). PCR was performed under the following conditions: Denaturation at 50˚C for 2 min, followed by 38 cycles of 95˚C for 15 sec and 60˚C for 1 min. Gene expression was normalized to internal controls and fold changes were calculated using relative quantification (2 -ΔΔCt ) (12) .
Western blot analysis. Cells were lysed in radioimmunoprecipitation assay buffer (cat no. P0013; Beyotime Institute of Biotechnology) containing 1 mmol/l phenylmethylsulfonyl fluoride (94:6 v/v; cat no. ST506-2; Beyotime Institute of Biotechnology), and subsequently placed on ice for 30 min. The supernatant was collected following centrifugation at 13,600 x g for 10 min at 4˚C. Protein concentration was determined using Pierce BCA Protein Assay Kit (cat no. 23227; Thermo Fisher Scientific, Inc.). Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (10%; cat no. P0012A; Beyotime Institute of Biotechnology) and subsequently transferred to a polyvinylidene difluoride membrane (cat no. FFP39; Beyotime Institute of Biotechnology) (12) . The membrane was immunoblotted with anti-β-actin (1:1,000), anti-c-Met (1:500), anti-ERK1/2 (1:250), anti-p-ERK1/2 (1:250), anti-AKT (1:400), anti-p-AKT (1:200), anti-Snai1 (1:400), anti-E-cadherin (1:500) and anti-vimentin (1:500) at 4˚C overnight. All antibodies were diluted with 0.5% bovine serum albumin. Following incubation, the corresponding secondary antibody conjugated with peroxidase (1:1,000) and enhanced chemiluminescence reagents (BeyoECL Plus; cat no. P0018; Beyotime Institute of Biotechnology) were applied, and the blot was visualized (cat no. 121-2550; Beijing Liuyi Biotech Co., Ltd., Beijing, China). The protein content was assessed using LabWorks image acquisition and analysis software (Biomagin Systems Pvt. Ltd., Battaramulla, Sri Lanka).
Scattering assay. DU145 cells (3x10 5 cells/ml) were seeded into each well of a 24-well plate (cat no. 662102; Greiner Bio-One), and incubated overnight at 37˚C in an atmosphere of 5% CO 2 . DU145 cells were pretreated with 15 µmol/l curcumin for 2 h. HGF was added to each well at a final concentration of 33 ng/ml (12) . Cells were subsequently incubated at 37˚C for 48 h. Representative images were captured at magnification, x20 using Eclipse TE2000-U inverted microscope (Nikon, Corporation, Tokyo, Japan).
In vitro invasion assay. The in vitro invasion assay was performed as described previously (13) 5 DU145 cells/ml in 200 µl minimal essential medium (MEM) with 0.1% serum and 15 µmol/ml curcumin plus 33 ng/ml HGF, 33 ng/ml HGF or 0.1 ml DMSO was added to the upper chamber. Serum-containing MEM (500 µl) was added to the lower chamber. The cells were incubated at 37˚C in an atmosphere of 5% CO 2 for 48 h. Following incubation, the medium was aspirated, and the non-invading cells were removed with a wet cotton swab. The cells were washed using PBS, and fixed in 4% paraformaldehyde (cat no. P1110; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) at room temperature for 15 min. Fixed cells were washed three times with PBS, and stained with toluidine blue (cat no. 6586-04-5; Sigma-Aldrich) for 3-5 min. Excess stain was removed by washing three times with distilled water for 15 sec (cat no. Z329797; Sigma-Aldrich). The invading cells were visualized under Eclipse TE2000-U inverted microscope at magnification, x40.
Wound healing assay. DU145 cells (3x10 5 cells/ml) were seeded into a 6-well plate (cat no. 657160; Greiner Bio-One) in serum-containing medium, and incubated at 37˚C in an atmosphere of 5% CO 2 in order to form a confluent monolayer. The monolayer was scratched using a sterile plastic pipette tip (cat no. CLS4860; Sigma-Aldrich), and washed with PBS to remove cell debris. Subsequently, fresh medium was added, and 15 µmol/ml curcumin plus 33 ng/ml HGF, 33 ng/ml HGF or 0.1 ml DMSO was added to each well. The scratched monolayer was incubated at 37˚C in an atmosphere of 5% CO 2 for 48 h. Wound closure was measured in 6 random high-power fields at magnification, x200, using Image-Pro ® Express software version 6 (Media Cybernetics, Inc., Rockville, MD, USA) and Eclipse TE2000-U inverted microscope (13) .
Statistical analysis.
Experiments were performed at least in triplicate. The data are presented as the mean ± standard deviation. Statistical significance of differences between groups was evaluated by analysis of variance and Student's t-test using SPSS version 11.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism version 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Curcumin blocks HGF-induced scattering of DU145 cells.
In the present study, the effect of curcumin on DU145 cell viability was examined. As demonstrated in Fig. 1A , curcumin induced DU145 cell death in a concentration-dependent manner, while DU145 cell viability was unaltered at concentrations of curcumin <15 µmol/l. Therefore, 15 µmol/l curcumin was used to treat cancer cells in all subsequent experiments. Activation of HGF/c-Met signaling led to a marked polarized cell morphology in DU145 cells (Fig. 1B) . Fig. 1B , curcumin blocked HGF-induced cell scattering, but did not induce cell death under the conditions used in the experiment.
Curcumin attenuates HGF-induced invasion and migration of DU145 cells.
The present study additionally examined the effect of curcumin on HGF-induced cell migration in wound closure assays. Confluent DU145 cells were pretreated with 15 µmol/l curcumin for 2 h, while 0.1 ml DMSO/PBS was used as a control. Cell monolayers were scratched using a pipette tip, and washed to remove any debris. Next, fresh medium containing 0.5% serum with 15 µmol/l curcumin was added. Cells were subsequently incubated with 33 ng/ml HGF for 48 h, and HGF-induced cell migration was determined by measuring wound closure. As shown in Fig. 2A , HGF induced significant cell migration, which was abrogated in the presence of curcumin (Fig. 2A) . The present study also determined the effect of curcumin on HGF-induced invasion in Matrigel Transwell chamber invasion assays. Compared with the control, HGF induced an ~2-fold increase in the number of invasive cells. However, prior to treatment with HGF, DU145 cells were pretreated with 15 µmol/l curcumin for 2 h, which significantly reduced the number of HGF-induced invasive cells. Consistent with the results obtained in the cell migration assay (Fig. 2B) , curcumin treatment reduced HGF-induced DU145 cell invasion ( Fig. 2C and D) .
Curcumin suppresses HGF-induced EMT in DU145 cells.
Multiple molecules regarded as epithelial or mesenchymal markers have been reported previously, and downregulation of E-cadherin and upregulation of vimentin are known to be markers of EMT (14) . In the present study, RT-qPCR and western blot analysis of the expression of these markers were conducted to investigate whether the abrogation of HGF-induced cell scattering, migration and invasion observed in curcumin-treated DU145 cells was due to alterations in the process of EMT. As shown in Fig. 3 , vimentin expression was upregulated, while E-cadherin expression was downregulated in response to HGF activation. These HGF-induced effects were significantly suppressed by pretreatment with curcumin (Fig. 3) .
Curcumin has an inhibitory effect on HGF/c-Met signaling pathway and Snail expression in DU145 cells.
In order to determine the involvement of the HGF/c-Met signaling pathway on the effects of curcumin on DU145 cell scattering and motility, DU145 cells were pretreated with curcumin (10 µmol/l) for 2 h prior to HGF treatment for 48 h. Compared with the HGF group, curcumin significantly suppressed HGF-induced upregulation of c-Met expression, as well as Snail mRNA and protein expression (Fig. 4A-E) . This observation indicated that curcumin reduced HGF/c-Met signaling by direct inhibition of c-Met expression. The HGF/c-Met signaling axis is a significant contributor to the promotion of EMT via stimulation of AKT and ERK (3) . Therefore, the present study additionally investigated the effect of curcumin on the phosphorylation of AKT and ERK. As demonstrated in Fig. 4F-H , western blot analysis revealed that curcumin pretreatment was able Figure 2 . Curcumin inhibits HGF-induced DU145 cell invasion and migration. (A) In wound closure assays, confluent DU145 cells were pretreated with 15 µmol/l curcumin for 2 h. Dimethyl sulfoxide/phosphate-buffered saline was used as a control. Cell monolayers were scratched using pipette tips and washed to remove any debris, followed by the addition of fresh medium containing 0.5% serum with 15 µmol/l curcumin. Cells were subsequently incubated with 33 ng/ml HGF for 48 h, and HGF-induced cell migration was determined by measuring wound closure. Scale bar, 10 µm. (B) HGF-induced cell motility was determined by measuring the wound closure in six random high-power fields at magnification, x200 using Image-Pro ® Express software. Data are presented as the mean ± standard deviation. Curcumin inhibited HGF-induced DU145 cell scattering. Cells were pretreated with curcumin for 2 h, and subsequently incubated with HGF for 48 h. Representative images were captured at magnification, x40 using Eclipse TE2000-U inverted microscope. HGF, hepatocyte growth factor; Con, control; Cur, curcumin. Scale bar, 10 µm.
to effectively block HGF-induced ERK phosphorylation. The rapidly accelerated fibrosarcoma/mitogen-activated protein kinase (MAPK) kinase/ERK signaling pathway has been demonstrated to be required for HGF-induced EMT (3). By contrast, HGF-mediated activation of AKT was not affected by curcumin pretreatment in the present study. Therefore, MAPK signaling may be involved in Snail expression. Thus, curcumin was capable of blocking HGF-induced signaling via specific repression of activation of the c-Met/ERK/Snail signaling pathway.
Discussion
EMT is a crucial step in the process of cancer cell invasion and metastasis. During this process, the phenotype of cancer cells undergoes alterations in cellular morphology, with increased expression of mesenchymal markers such as vimentin and decreased expression of epithelial markers such as E-cadherin (15) . These changes are associated with decreased cell adhesion capacity, leading to enhanced invasion and metastasis (15, 16) . Consequently, EMT inhibition represents a significant target for the development of prostate cancer treatments. In the present study, the effects of curcumin on the HGF/c-Met signaling axis were investigated, and it was identified that curcumin was capable of blocking c-Met expression, as well as inhibiting EMT in DU145 cells.
HGF is a multifunctional protein, which has been reported to increase the migration and invasion abilities of prostate cancer cells (17) . In the present study, it was demonstrated that HGF induced migration and invasion of DU145 prostate cancer cells, with concomitant downregulation of E-cadherin expression and upregulation of vimentin expression. HGF stimulates c-Met phosphorylation, which activates MAPK signaling and increases Snail expression (18) . Snail is a DNA-binding protein that contains a zinc finger-like domain capable of binding to the E-box domain of the E-cadherin promoter, thus inhibiting E-cadherin expression (19) . Therefore, it may be speculated that HGF is able to induce EMT in DU145 prostate cancer cells via the c-Met/ERK/Snail signaling pathway. c-Met is known to be associated with prostate cancer cell differentiation (17) . Previous studies have revealed that c-Met is overexpressed in poorly differentiated prostate cancer, indicating that reduced expression of c-Met may stimulate prostate cancer cell differentiation (20) . Nishimura et al (17) reported that HGF was increased during DU145 cell invasion and metastasis in a c-Met-dependent manner, while this effect of HGF was not observed in LNcaP cell metastasis, and these cells are known to be c-Met-deficient (17) . Furthermore, Davies et al (21) additionally indicated that inhibition of c-Met expression by hammerhead ribozyme reduced the invasion and metastasis of prostate cancer cells. Thus, inhibition of prostate cancer cell invasion and metastasis via c-Met blockade may represent a significant approach for the treatment of prostate cancer. 
A B D E F C
The anticancer effects of curcumin have been widely studied, and it is regarded as a promising drug candidate for the treatment and prevention of cancer (22) . It is considered that the mechanism underlying the anticarcinogenic effects of curcumin involves the induction of cancer cell apoptosis via regulation of the expression of anti-oncogenes, oncogenes and the cell cycle (22) . However, previous studies have revealed that curcumin is able to inhibit cancer cell invasion and metastasis via signaling changes. Chen et al (23) observed that curcumin was able to inhibit lung cancer cell invasion and metastasis by upregulation of E-cadherin expression, and stimulated the expression of the tumor suppressor DnaJ-like heat shock protein HLJ1 via c-Jun N-terminal kinase/JunD signaling. However, it has additionally been reported that curcumin inhibited post-transcriptional expression of hypoxia-inducible factor 1-α, leading to reversed hypoxia and induction of liver cancer cell proliferation and migration (24) . Thus, the role of curcumin in prostate cancer migration remains to be elucidated. In the present study, it was demonstrated that preincubation of DU145 cells for 2 h with curcumin blocked HGF-induced cell scattering with associated alterations in cell morphology (reduction in stress fibers and cell flattening). This is consistent with the effects of the naturally-occurring coumarin compound osthol, which has been observed to inhibit HGF-induced migration and invasion in MCF-7 breast cancer cells (14) . Furthermore, the present study demonstrated that HGF stimulated c-Met expression, as well as phosphorylation of AKT and ERK, and additionally increased the protein expression levels of vimentin, while curcumin suppressed HGF-induced EMT, cell migration and invasion via repression of the c-Met/ERK signaling pathway in DU145 prostate cancer cells. However, the AKT signaling pathway was unaffected by curcumin, even following a long preincubation when c-Met was no longer maximally activated by HGF, and the remaining c-Met was likely to be sufficient to induce phosphorylation of AKT. In addition, the present study demonstrated that curcumin was able to inhibit Snail expression, suggesting that ERK may regulate Snail expression. Therefore, it may be speculated that curcumin inhibits Snail expression via suppression of c-Met/ERK signaling, although this remains to be confirmed. In the present study, curcumin was additionally revealed to suppress c-Met expression, although the exact underlying mechanism remains to be elucidated. Seol et al (25) observed that the transcription factor activator protein-1 (AP-1) binds the c-Met gene promoter and increases c-Met expression. Furthermore, previous studies have indicated that increased fatty acid synthase (FAS) activity maintains lipid rafts, which may aid to stabilize the levels of c-Met (26) . These studies suggest that inhibited AP-1 and FAS expression are suppressed by c-Met expression. Thus, it may be hypothesized that curcumin suppresses c-Met expression via inhibition of AP-1 and FAS expression, although this theory requires additional investigation in future studies.
In conclusion, the present study has demonstrated that curcumin may inhibit HGF-induced EMT via reduced c-Met expression, and may attenuate associated signaling pathways. These findings suggest that curcumin may be regarded as an inhibitor of c-Met, the receptor tyrosine kinase for HGF, thus providing a theoretical and experimental basis for the treatment of prostate cancer, and a novel approach for the development of prostate cancer drugs.
